Objective Quantitative MR imaging techniques of degenerative cartilage have been reported as useful indicators of degenerative changes in cartilage extracellular matrix, which consists of proteoglycans, collagen, non-collagenous proteins, and water. Apparent diffusion coefficient (ADC) mapping of cartilage has been shown to correlate mainly with the water content of the cartilage. As the water content of the cartilage in turn correlates with its viscoelasticity, which directly affects the mechanical strength of articular cartilage, ADC can serve as a potentially useful indicator of the mechanical strength of cartilage. The aim of this study was to investigate the correlation between ADC and viscoelasticity as measured by indentation testing. Materials and methods Fresh porcine knee joints (n020, age 6 months) were obtained from a local abattoir. ADC of porcine knee cartilage was measured using a 3-Tesla MRI. Indentation testing was performed on an electromechanical precision-controlled system, and viscosity coefficient and relaxation time were measured as additional indicators of the viscoelasticity of cartilage. The relationship between ADC and viscosity coefficient as well as that between ADC and relaxation time were assessed. Results ADC was correlated with relaxation time and viscosity coefficient (R 2 00.75 and 0.69, respectively, p<0.01). The mean relaxation time values in the weight-bearing and nonweight-bearing regions were 0.61±0.17 ms and 0.14±0.08 ms, respectively. Conclusions This study found a moderate correlation between ADC and viscoelasticity in the superficial articular cartilage. Both molecular diffusion and viscoelasticity were higher in weight bearing than non-weight-bearing articular cartilage areas.
Introduction
In the early stages of OA, conservative treatment is often recommended to prevent the progression of degenerative changes in articular cartilage. Yet the early degenerative changes in articular cartilage associated with OA are often invisible in images acquired through roentgenography, and conventional MR imaging. These changes include the disruption and/or alteration of the extracellular matrix, in such forms as decreased concentration of proteoglycans, increased water content, or deterioration of collagenous architecture, all of which have been demonstrated biologically and histologically [1, 2] .
The application of quantitative MR imaging techniques to degenerative cartilage has been a focus of recent research [3, 4] . Quantitative MR imaging techniques, such as T2 relaxation time mapping [5, 6] , T1ρ relaxation time mapping [7] [8] [9] , delayed gadolinium-diethylene-triamine-penta-acetic (Gd-DTPA)-enhanced MR imaging of cartilage (dGEMRIC) [10] , and apparent diffusion coefficient (ADC) mapping [11] , have been reported as useful indicators of degenerative changes in cartilage extracellular matrix, which consists of proteoglycans, collagen, non-collagenous proteins, and water. T2 measurements in cartilage have been shown to correlate with collagenous architecture and water content [5] , while T1ρ measurements in cartilage have been shown to correlate with proteoglycans and water content [12] . The dGEMRIC technique has been shown to correlate mainly with proteoglycans.
ADC measurements, on the other hand, have been shown to correlate mainly with water content and collagen matrix structure in cartilage [13, 14] . It has been shown that water and the collagen matrix produces the flow-dependent viscoelasticity of cartilage [15] . Thus, ADC can serve as an ideal indicator of the viscoelasticity of cartilage.
Several studies have addressed the relationship between ADC and viscoelasticity. Juras et al. reported that ADC correlates with relaxation time in superficial zones using specimens in different stages of degeneration from patients who had undergone total knee replacement surgery [16] . Topographic variation in the cartilage matrix has also been shown to exist [17] [18] [19] : weight-bearing regions receive direct compression and tensile loading during walking, while non-weight-bearing regions receive less loading. Yet, topographic variation in terms of ADC and viscoelasticity has not been previously studied. The aim of this study was to investigate the correlation between ADC and viscoelasticity using porcine knee cartilage, especially focusing on the difference between weight-bearing and non-weight-bearing region.
Methods

Subjects
Fresh porcine knee joints (n 0 20, age 6 months) were obtained from a local abattoir (ZEN-NOH Central Research Institute for Feed and Livestock, Ibaraki, Japan). Because we used branded edible pigs, which for quality-control purposes are slaughtered precisely 6 months after birth, all pigs had almost finished growing but remained skeletally immature.
The study was approved by the institutional review board.
MR imaging
MR imaging was performed within 30 h after euthanasia. Specimens were kept at room temperature (20°C) for 3 h before MR imaging. MR imaging was performed on a 3.0-T whole-body clinical scanner (Intera Achieva; Philips Medical Systems, Best, Netherlands) with an 8-ch SENSE (sensitivity encoding) knee coil using a parallel imaging technique. Sagittal MR images were acquired along a plane perpendicular to the line that passes though the medial femoral condyle and the lateral femoral condyle. In this plane, we did not evaluate the tibial and patellar cartilage to avoid any partial volume effect due to surrounding structures. Morphological isotropic images were acquired using a three-dimensional (3D)-fast field echo (FFE) sequence with the following parameters: repetition time (TR)/echo time (TE1/TE2) 19/7.0/13.3 ms, field of view (FOV) 150×150 mm, interpolated matrix 512×512 (acquired matrix 256×256), slice thickness 0.3 mm, and number of excitations (NEX) 1 (total scan duration 5 min 09 s). ADC of cartilage was measured using a single-shot spin echo-echo planar image sequence with the following parameters: TR/TE 4,000/47 ms, FOV 120×120 mm, interpolated matrix 256× 256 (acquired matrix 128×128), slice thickness 3 mm, gap 0.3 mm, number of slices 19, and NEX 1 (total scan duration 1 min 48 s). Diffusion gradients were applied with b values of 0, 700, 1,000, and 1,500 s/mm 2 . An ADC map was generated from diffusion-weighted images using the built-in software that accompanies the clinical scanner (Philips). An ADC map was generated on a pixel-by-pixel basis by fitting the b value data from the measured signal intensity (S b ) attenuation according to a mono-exponential decay equation, as follows:
Four sites in each specimen, namely the medial femoral condyle, the lateral femoral condyle, the medial trochlea, and the lateral trochlea, were analyzed by means of both MR imaging and indentation testing (Figs. 1, 2) . For each specimen, a region of interest (ROI) was drawn on the slice that passed through the center of the medial femoral condyle, the lateral femoral condyle, the medial trochlea, and the lateral trochlea. This ROI was drawn to include the weight-bearing area of the medial and lateral condyles and the non-weightbearing area of the medial and lateral trochlea. Furthermore, the cartilage was divided along a line parallel to the cartilage-bone interface into two layers (superficial and deep) of equal thickness. An ROI was drawn over the entire superficial layer as it has been shown that degenerative changes begin in the superficial layer, and also because mechanical testing mainly reflects the properties of the superficial layer of cartilage. All ROIs were drawn manually by a single investigator.
Mechanical testing
Indentation testing was performed on an electromechanical precision-controlled system (Vesmeter E-200DT; WaveCyber Co., Ltd., Saitama, Japan). The shape of the indenter tip is a cone with an angle of 30°, a tip diameter of 0.1 mm, and a pressurization of 35 g each 0.2 s. Measuring one region takes less than 2 min. This device can provide the viscosity, elasticity, relaxation time, elastic rate, stiffness, and strain depth as given by Voigt's equation:
where g denotes displacement, G is elastic modulus, η denotes viscosity, and S is stress. Indentation testing was performed on the same regions that were selected for MRI analysis. Two lines consisting of five points per line at intervals of 3-4 mm were tested for a total of ten points in each region. Viscosity coefficient and relaxation time were measured as indicators of the viscoelasticity of cartilage. To minimize the possibility of measurement errors during indentation tests, the mean viscosity coefficient and relaxation time obtained for all ten points in each region were taken as the viscosity coefficient and relaxation time for that region. During mechanical testing, the specimens were wrapped in moist gauze to prevent them from drying.
Statistical analysis
The relationship between ADC and viscosity coefficient as well as that between ADC and relaxation time were assessed by means of correlation analysis. The correlation coefficients were assessed using a Pearson coefficient. Significant differences among the weight-bearing, non-weight-bearing, medial, and lateral regions were evaluated by multiple comparison tests using one-way analysis of variance (ANOVA). Statistical significance was defined as p<0.05. Statistical software (Statcel for Windows, OMS, Saitama, Japan) was used for all analyses.
Results
All porcine knees were visually healthy, with no blistering, ulceration, fissuring, or thinning of cartilage. ADC was correlated with relaxation time and viscosity coefficient (Figs. 3, 4) . The mean relaxation time values in the weight-bearing and nonweight-bearing regions were 0.61 ± 0.17 ms and 0.14 ± 0.08 ms, respectively ( Table 1 ). The mean viscosity coefficient values in weight-bearing and non-weight-bearing regions were 5,043±787 kPa s and 3,100±806 kPa s , respectively (Table 1) . Weight-bearing regions had significantly longer relaxation times and higher viscosity coefficient values Fig. 2 MR image of weightbearing region (a) and nonweight-bearing region (b), indenter testing points of weightbearing region (c) and nonweight-bearing region (d) Fig. 3 Correlation between ADC and relaxation time. A significant correlation between ADC and relaxation time was observed. The ADC of the weight-bearing region (FT) is significantly higher than that of the non-weight-bearing region (PF) Fig. 4 Correlation between ADC and viscosity coefficient. A significant correlation between ADC and viscosity coefficient was observed. The ADC and the viscosity coefficient in the weight-bearing region is significantly higher than that of the non-weight-bearing region than non-weight-bearing regions did (p<0.05). The mean ADC values in weight-bearing and non-weight-bearing regions were 1,087±125×10 -6 mm 2 /s and 835±110×10 -6 mm 2 /s, respectively ( Table 1 ). All of these differences were statistically significant (p<0.05). Figure 5 shows sagittal images of weightbearing and non-weight-bearing regions with ADC mapping.
Discussion
Cartilage plays a critical role in joint function, where it acts as a shock absorber during joint loading. This function is partly enabled by proteoglycan, which has a high negative charge and binds to water molecules, thereby generating the swelling pressure of cartilage [20] . This swelling pressure is counteracted by the tensile strength of cartilage, which is provided by a dense and regularly arranged collagen network [21] [22] [23] [24] . Therefore, intermolecular interactions of both major components of cartilage with water molecules give cartilage its viscoelasticity, the characteristic that enables cartilage to act as a shock absorber [15, 25] . The decrease in proteoglycans and disruption of the collagen network that occurs over time in degenerative cartilage leads to a loss of viscoelasticity [16] .
It has been suggested that differences in diffusivity as assessed by ADC may be due to differences in water mobility, which in turn is determined by the average pore size in the cartilage matrix [26, 27] . The difference in diffusivity between tibiofemoral and patellofemoral cartilage, for example, might be due to differences in their inherent matrix structures and compositions. Indentation testing can directly evaluate the viscoelasticity of cartilage, and has been used in several studies to assess cartilage function in degenerative cartilage [28] . Recent studies have used arthroscopic indentation instruments for this purpose, but such indentation testing is somewhat invasive and should not be used as a routine clinical evaluation method. In comparison, MR imaging is less invasive and can be used more regularly for clinical evaluation. This study has uncovered significant correlations between ADC and relaxation time, as well as between ADC and viscosity coefficient, indicating that ADC can serve as an ideal measure of cartilage viscoelasticity.
There are several limitations of this study. First, only visually healthy cartilage specimens were recruited. Thus, the usefulness of ADC as a means of assessing degenerative cartilage remains unknown. In addition, as biochemical and histological analysis were not performed, the usefulness of ADC as a quantitative measure of cartilage degeneration is also unknown. These deficiencies constitute major weaknesses of this study.
As cartilage samples from several different regions of several different porcine knees were used, specimens with various cartilage matrix compositions were included. Therefore, the significant correlation observed between ADC and viscoelasticity lends support to the notion that ADC could be useful in the evaluation of degenerative cartilage as well. Further studies including knees with degenerative cartilage and incorporating biochemical and histological analysis are needed to confirm this. At present, however, it is unknown whether the results of the current study may be applied to the evaluation of repaired cartilage, degenerating cartilage, and/or mature knees.
A second limitation is that the indentation test was the only mechanical test performed on our cartilage samples. It has been shown that cartilage exhibits a much greater stiffness in tension than in compression, and that cartilage exhibits anisotropy in tension and compression. Further studies using other mechanical tests including tension tests may reveal a more detailed relationship between ADC and data on cartilage strength. Third, we did not use any models of defective or degenerating cartilage in this study, as we used only tissues from branded edible pigs, and as only immature porcine knees were included. It will be necessary to determine whether similar results can be obtained using repaired cartilage, degenerating cartilage, and/or mature knee cartilage in future studies before ADC is used clinically as a measure of cartilage viscoelasticity.
In conclusion, a moderate correlation was observed between ADC and viscoelasticity in superficial articular cartilage. Both molecular diffusion and viscoelasticity were higher in weight-bearing than in non-weight-bearing regions of articular cartilage.
